Foods rich in polyphenols, a type of antioxidant, have many health benefits. The largest and most important subgroup of polyphenols are flavonoids, of which anthocyanins are one. In vitro studies have shown that anthocyanin induced vasorelaxation is dependent on Nitrous Oxide and a functional endothelium. The anthocyanin effect on change in blood flow could have potential therapeutic implications. However it is unclear if the results can be extrapolated to humans. The number of studies investigating the effects of anthocyanins within humans is fairly limited and the results are discordant. The conflicting evidence surrounding anthocyanins and blood flow highlights the need for a future research in this area.
to reduce oxidative stress. This is achieved by direct scavenging of oxygen free radicals, and by the inhibition of radical oxygen species producing enzymes [3] . Anthocyanins, a type of flavonoid, are a group of water-soluble pigments that give many fruits their blue, purple and red colour [4] . There are several hundred known types of anthocyanin. The chemical structure of anthocyanins consists of a C6-C3-C6 skeleton, with other functional chemical groups attached [5] .
Numerous studies have shown that polyphenol rich foods, such as blackcurrants, strawberries and grapes, have vasodilatory effects [6] [7] [8] . Fruits containing anthocyanins also contain many other polyphenolic compounds.
Identifying which compound is responsible for the associated health benefits with these fruits has been difficult.
However, Bell et al investigated the vasodilatory properties of preparations containing only anthocyanins; they found that anthocyanins were responsible for relaxation of coronary vessels in animal models [9] .
In vitro studies have shown that anthocyanin induced vasorelaxation is dependent on Nitrous Oxide (NO) and a functional endothelium [9] [10] [11] . For example a study performed by Xu et al showed that the anthocyanin cyanidine-3glucoside exerts a vasodilatory effect by increasing production of NO40, by activation of eNOS34. Another study confirmed the vasodilatory properties of anthocyanins; it showed that blackcurrant anthocyanins caused phosphorylation of eNOS via the activation of the phosphatidylinositol-3 (PI3) kinase/protein kinase B (Akt) signalling pathway [12] .
Scavengers of oxygen free radicals can also enhance NO mediated vasorelaxation [13] . Oxygen free radicals cause break down of NO, therefore reducing vascular smooth muscle relaxation caused by NO. Scavengers of oxygen free radicals reduce the breakdown of NO and so cause increased vascular smooth muscle relaxation. Ascorbic acid (Vitamin C) is one of the strongest reductants and radical scavengers [14] . Some studies have suggested that vitamin C supplementation may reduce the incidence of conditions in which vasomotor stability is impaired, such as Complex Regional Pain Syndrome (CRPS) [15] . In a randomised controlled trial 317 patients with 328 wrist fractures received either vitamin C or placebo, the incidence of CRPS in the vitamin C group was 2.8% compared with 10.1% in the control group (p=0.002) [16] . This study was subsequently supported by a meta-analysis, although this only included 4 trials [17] . A proposed hypothesis for the pathophysiology of CRPS is deep tissue microvascular pathology, where a series of events lead to ischaemia-reperfusion (I-R) injury [18] . An I-R injury is caused by endothelial damage via oxidants produced by neutrophils. The production of oxidants by neutrophils is reduced by the administration of vitamin C; vitamin C also protects the endothelium from direct injury from oxidants. Vitamin C increases NO production by the PI3 kinase/Akt signalling pathway [16] . Anthocyanins increase NO production via the same pathway [12] and they are also potent oxidant scavengers [19] . Therefore it can be hypothesised that anthocyanins may also be protective against CRPS.
Although there have been many in vitro experiments showing the vasorelaxant effects of anthocyanins, it is unclear
if the results can be extrapolated to humans. The number of studies investigating the effects of anthocyanins within humans is limited. In a study by McLeay et al, an anthocyanin rich blueberry drink increased the rate of muscle recovery after exercise induced muscle damage [20] . The literature on anthocyanins effect on blood flow in humans is limited and the results are discordant; while a study by Matsumoto et al showed that anthocyanins increase forearm blood flow [21] , another study showed that anthocyanins had no effect on peripheral blood flow [22] . We performed a systematic review of this subject.
Methods
An electronic search was carried out using the electronic databases MEDLINE (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) and EMBASE (1974 EMBASE ( -2015 . The search terms used were 'anthocyanin' OR 'anthocyanins' AND 'vasodilation' OR 'blood flow' OR 'vasorelaxation' OR 'vascularization' OR 'vascularisation' OR 'vasodilatation'. The final search date was 28th
October 2015. Following the removal of duplicates, abstracts and citations were stored using the bibliographic software ENDNOTE.
Study selection
We evaluated each identified study against the following predetermined selection criteria: Two reviewers independently screened the titles and abstracts to determine if a citation met the general inclusion criteria. The full text of citations classified as include or unclear was reviewed independently with reference to the predetermined inclusion and exclusion criteria. Finally, we hand-searched reference lists of any relevant conference abstracts and of the included trials for potentially relevant citation. Non-English full text citations were excluded.
Disagreements between the two reviewers were resolved through consensus and by third-party adjudication, as needed.
Results
Of the 139 citations identified through electronic and hand searches, we included 6 trials enrolling a total of 308 participants ( Figure 1 pressure. Only two trials did not measure flow mediated vasodilatation [23, 27] . The key features of the included studies are outlined in Table 1 . The included studies will be discussed in turn. A study performed by Matsumoto et al in 2005 consisted of two parts [23] . The first part (part 1) measured the effect of blackcurrant anthocyanin on peripheral circulation during rest.
Firstly forearm blood flow was measured, and then blackcurrant anthocyanin was ingested. Forearm blood flow was then measured at hourly intervals for 4 hours. The second part (part 2) measured the effect of blackcurrant anthocyanin on peripheral circulation and muscle stiffness during typing work. The study used near infrared spectroscopy to measure forearm blood flow and muscle oxygen consumption. Neither the method of randomisation nor blinding is outlined in this study, so it is unclear if this is a potential source of bias. 9 healthy males with an average age of 29. 9 took part in part 1, and 11 healthy individuals (8 male and 3 female with an average age of 39.0) took part in part 2. The demographics of the placebo group and anthocyanin group were not disclosed in part 2 of the study. This could be a source of bias, as the groups may not have been adequately matched. The results of part 1 of this study show a significant (p<0.05) increase in forearm blood flow 2 hours after ingestion of blackcurrant anthocyanin compared to placebo. Part 2 of the study shows that blackcurrant anthocyanin intake prevented the decrease in oxygenated haemoglobin significantly, compared to placebo (p<0.05).
In a placebo-controlled crossover study subsequently performed by Dohadwala et al in 2011 the effects of cranberry juice consumption on vascular function in patients with coronary artery disease was assessed [22] . Treatment was received for 4 weeks with a 2-week rest period between beverages. The cranberry juice contained 94mg of anthocyanins per serving. As part of the vascular function testing brachial artery flow-mediated dilation was measured. Beverage order was randomized and both the participants and the investigators were blinded until after the statistical analysis had taken place. However the randomisation method was not detailed in the study so it is unclear as to whether randomisation was adequate. The two study groups were fairly well matched demographically.
22 participants from both groups completed the study. The juice first group and placebo first group had a mean age of 61 and 63 respectively. The sample size was modest (15 males and 7 females). Most of the subjects were on risk reduction therapy (ACE inhibitors, aspirin, clopidogrel or lipid lowering drugs). Of the 47 participants that started the trial, 44 completed the trial. The study reported a 98% compliance rate, however this ranged from 68% -100%.
Participants with a compliance rate less than 80% were removed and the data were reanalysed, but this made little difference to the result. The trial did not show a statistically significant change in brachial artery flow-mediated dilation, the pre-specified primary endpoint. Neither did it show a change in blood pressure. This may be because most of the participants were receiving risk reduction therapy, and so this interfered with the action of the anthocyanins.
A study by Zhu et al. in 2011 consisted of two parts; it investigated both the short and long term effects of anthocyanins on endothelial function in hypercholesterolaemic individuals [24] . This study measured blood flow by measuring brachial artery flow-mediated dilation. The short-term study measured flow-mediated dilation at baseline and at 1, 2 and 4 hours after ingestion of 320mg of anthocyanins. In the long-term study participants took 320mg of anthocyanin a day for 12 weeks, with measurements taken every 4 weeks. In the both the short and long term study the method of randomisation is not detailed. Blinding occurred, as anthocyanins and placebo were both provided in capsules. The short-term study had a small sample size of only 12 participants. However, a very large sample size (150 individuals), was used for the long-term study. The intervention and control groups had very similar demographics and so were adequately matched. 4 participants did not finish the trial, due to initiation of lipidlowering therapy, or moving out of the study area. Compliance to the treatment was recorded by recalling empty capsule packets, but the compliance rate was not recorded in the study. The results of the short-term study showed that anthocyanin intake significantly improved (p<0.05) brachial artery flow-mediated dilation. In the intervention group of the long-term study, there was a statistically significant improvement in brachial artery flow-mediated dilation after 12 weeks of anthocyanin ingestion; no such change was observed in the placebo group (p<0.05).
A study by Rodriguez-Mateos et al. in 2013 consisted of two parts [25] . The first investigated how differing concentrations of anthocyanins affected vascular function over time. The second was a 6-arm study where participants consumed anthocyanin-containing drinks of differing concentrations or placebo. 21 healthy male volunteers took part in the study. 10 took part in the first and 11 took part in the second. In both parts of the study flow mediated dilation of the brachial artery was the main outcome. An independent researcher randomly generated treatment allocation. The method of randomization was adequate. The results of the first part of the study showed a biphasic increase in flow mediated dilation after ingestion of 310mg of anthocyanins after 1, 2 and 6 hours, with the largest increase after 1 hour. These results were statistically significant (p<0.05). The second part of the study showed a significant (p<0.05) increase in flow mediated dilation after ingestion of all concentrations of anthocyanins (129-724mg). There was no statistically significant change in blood pressure.
Draijer et al. carried out a randomized controlled double blind incomplete crossover study [26] . The study compared the effects of grape extract, grape-wine extract and placebo on blood pressure in mildly hypertensive subjects. All participants took a placebo for 2 weeks, followed by two 4-week intervention periods. Half of the subjects took grape-wine extract followed by grape extract; the other half took grape extract first. Measurements were taken at the end of the run in period, and at the end of the two 4 week intervention periods. Again, this trial does not outline the methods of randomization. All treatments were given in red gelatine capsules to ensure blinding. There were 60 subjects in this trial, half took grape extract and the other took grape-wine extract. The average age of the participants was 57.6. Of the 60 subjects that started, 5 dropped out during the placebo stage, however, these were replaced so that 60 people still completed the trial. However the circumstances of the new subjects joining the trial is not discussed in the methodology. It is unclear whether the new subjects took placebo for the same time as the original subjects or not. 70% of the participants were fully compliant with treatment, and the other 30% were 94-99% compliant. This high compliance rate was therefore unlikely to have an effect on the results. The flowmediated vasodilation was similar in both intervention groups. The results of this trial showed that 24h-ambulatory blood pressure was significantly (p<0.05) lower after grape-wine extract compared with placebo (systolic blood pressure by 3mmHg and diastolic blood pressure by 2 mmHg). However there was no effect on blood pressure from the grape juice extract alone. This suggests that the effects on blood pressure were due to products in the wine rather than the grape juice. Grape juice is rich in anthocyanins and wine is rich in catechins and procyanidins. Therefore the change in blood pressure is most likely not due to anthocyanins.
Willems et al., in 2015, carried out a double-blind randomized placebo controlled crossover study, to investigate the effects of anthocyanins on blood lactate concentrations in triathletes during cycling and at rest [27] . However the study also investigated cardiovascular function as a secondary outcome, including total peripheral resistance.
Therefore it is relevant to this review. The participants' took blackcurrant drink daily, containing 138.6mg of anthocyanins, or a commercially available blackcurrant drink with low concentrations of anthocyanins (3-4mg) as placebo. The participants ingested anthocyanins for 7 days prior to testing.
Cardiovascular function (blood pressure, cardiac output, total peripheral resistance) was measured using a finger monitor beat-to-beat blood pressure monitoring system, a non-invasive way to measure haemodynamic parameters.
The methods of randomisation are not detailed in this study. Both the participants and researchers were blinded to treatment allocation. The study was conducted on 8 males and 5 females, with an average age of 38 years (the demographics of the placebo and intervention groups are not detailed). Even though 13 participants took part in the trial, cardiovascular measurements could not be obtained for 3 of them, bringing into question the reliability of the method for measuring the cardiovascular parameters. It is also not detailed as to whether these participants were from the placebo or intervention group. Therefore this could be a serious source of bias in this study. The results of this trial show that at rest anthocyanins caused a 16% decrease in total peripheral resistance compared to the placebo (p<0.05). There was however no change to blood pressure at rest.
Discussion
The results of the 6 studies included in this review are discordant. Some studies found that anthocyanins do increase peripheral blood flow [23, 24, 27, 28] . However the other three studies showed no statistically significant change in peripheral blood flow due to anthocyanins [22, 26] . The potential reasons for these discrepancies include: difference in sample population, and differences in the duration of the studies.
In the studies that reported an increase in blood flow, most of the participants were healthy [23, 27, 28] , apart from the study with hypercholesterolemic individuals [24] . The other studies, however, investigated the effect of anthocyanins on participants with hypertension and coronary artery disease. In vitro, anthocyanins have been shown to cause vasorelaxation, dependant on the presence of NO and functional endothelium [8, 9] . Coronary artery disease is characterised by endothelial damage; hypertension causes endothelial damage. Therefore these subjects may not have had fully functional endothelial cells and so anthocyanins did not cause statistically significant vasodilation. This may show that anthocyanins are ineffective at increasing peripheral blood flow in individuals with cardiovascular disease or risk factors.
Another reason for the difference in results may be the duration of the studies. All studies that measured the shortterm effects of anthocyanins showed an increase in blood flow [23, 24, 28] . However, the trials carried out over a longer period of time did not show the same results. Therefore this may suggest that anthocyanins do not affect peripheral blood flow over a long period of time. However, because the trials that measured the chronic effects only used subjects with cardiovascular disease or risk factors, this may have caused the ineffectiveness of the anthocyanins in these studies. None of the trials in this review investigated the chronic effect of anthocyanins in healthy individuals; the longest trial was 2 weeks [23] .
Furthermore, it is also important to discuss the sample sizes of the studies. Most studies that reported an increase in peripheral blood flow due to anthocyanins all had relatively small sample sizes (≤21) so the conclusion that anthocyanins increase peripheral blood flow in healthy individuals lacks strength.
This review has some limitations. Due to the heterogeneity of the outcomes measured in the different trials, it was difficult to quantify the effects of anthocyanins on peripheral blood flow. The results of effect of anthocyanins on peripheral blood flow in studies included are conflicting and the potential explanations for these differences are only hypotheses.
This review shows that anthocyanins cause increased peripheral blood flow in healthy individuals. However, this was not the case in individuals with cardiovascular disorders. This may be due to the lack of functional endothelial cells in these individuals. There was no evidence that anothcyanins had a chronic effect on peripheral blood flow.
The number of studies reviewed was fairly small. This, combined with the differing conclusions of the studies, highlights the need for further research into whether anthocyanins increase peripheral blood flow. It would be interesting to compare their effects in healthy individuals with those with cardiovascular risk factors. It would also be beneficial to investigate the long term effects of anthocyanins at increasing peripheral blood flow in individuals without cardiovascular disease or risk factors.
